ABSTRACT. Excess Leu reduces the availability of Ile and Val in pigs likely by reducing absorption of the latter amino acids (AA). Twenty-four crossbred pigs were used to evaluate the effect of excess Leu alone or with surplus Ile and Val on the expression of cationic (b 0 , + AT and CAT1) and neutral (B 0 AT1) AA transporters in the small intestine, liver, and skeletal muscle. Dietary treatments included: 1) basal diet; 2) basal plus 0.43% L-Leu (excess Leu); 3) basal plus 0.43% Leu, 0.20% L-Ile, and 0.25% L-Val (excess Leu, Ile, and Val). The basal diet contained 0.90% standardized ileal digestible Lys, as well as crystalline L-Lys, L-Thr, DL-Met, L-Trp, L-Leu, L-Ile, L-His, and L-Val. Diets 2 and 3 contained 52% more Leu and diet 3 contained 42% more Ile and Val compared with the basal diet. Excess Leu or excess Leu, Ile, and Val reduced b 0 , + AT expression in the jejunum (P < 0.05) but had no effect in the ileum and liver. Excess Leu increased CAT1 expression in the ileum but reduced expression in the liver (P < 0.05). Excess Leu, Ile, and Val increased (P < 0.05) B 0 AT1 expression in the jejunum and tended to increase (P = 0.10) expression in the ileum. In general, b 0 , + AT expression was higher but CAT1 expression was lower in the jejunum than in the ileum; B 0 AT1 was similarly expressed in the jejunum and ileum. Excess Leu or any branchedchain AA affects AA transporter expression, which may affect the absorption and availability of AA for animal growth.
INTRODUCTION
Practical diets for pigs contain excess levels of some amino acids (AA) such as Leu, which is well documented to interact with the other 2 branched-chain AA (BCAA), Ile and Val. Large excess dietary Leu markedly reduced the serum concentration (SC) of Ile and Val in weanling pigs (Edmonds and Baker, 1987; Gatnau et al., 1995) . Moderate excess dietary Leu (150%) also reduced the SC of Ile and Val in growing pigs (Langer et al., 2000) . Decreased SC of Ile and Val because of excess dietary Leu have been attributed to increased activities of branched-chain keto acid dehydrogenase enzymes (Langer et al., 2000; Wiltafsky et al., 2010) . All 3 BCAA share this enzyme complex in their degradative pathways (Block, 1989) , and excess Leu increases the catabolism of all BCAA (Block and Harper, 1984) . Similarly, BCAA share common transport systems for absorption in the small intestine (Bröer, 2008) , suggesting that Ile and Val compete with Leu for absorption. Hence, differences in SC of BCAA because of excess dietary Leu may also result from competition for intestinal absorption. B 0 AT1 is the major transporter for BCAA in the small intestine . It is confined to the apical membrane of enterocytes with equal preference for all 3 BCAA (Bröer, 2008) , suggesting that an excess of 1 BCAA may impair the absorption of the other 2. Thus, excess Leu appears to not only increases the cellular catabolism of Ile and Val, but also reduces their intestinal absorption. The interaction between dietary Leu and Lys for intestinal absorption has been documented. Transport of Lys across the apical membrane of enterocytes is primarily facilitated by the AA transporter b 0 , + AT and with lower activity by the CAT1 transport system. The transporter b 0 , + AT exchanges Lys for neutral AA, particularly Leu Majumder et al., 2009) AT that is coupled with the efflux of Leu (Pineda et al., 2004) . We recently observed reduced expression of b 0 , + AT in growing pigs (García-Villalobos et al., 2012; Morales et al., 2013) fed excess Leu diets, and surplus Ile failed to correct the reduction (Cervantes-Ramírez et al., 2013) . However, there is limited information regarding the effect of adding surplus Ile and Val to diets with excess Leu on the abundance of transport systems for BCAA and cationic AA (Lys) in growing pigs.
We hypothesized that excess dietary Leu affects the abundance of AA transporters, which may partially explain the lower SC of Ile, Val, and Lys in pigs (Cervantes-Ramírez et al., 2013) . We also hypothesized that surplus Ile and Val may correct the effect of excess dietary Leu. Although AA absorption is expected to take place in the jejunum (Silk et al., 1985) , it is unknown whether excess Leu or all BCAAs in the diet modifies the site of AA absorption. In this study, we evaluated the effect of excess Leu alone or in combination with surplus Ile and Val on the expression of the AA transport systems b 0 , + AT, CAT1, and B 0 AT1 in the small intestine, liver, and skeletal muscle of growing pigs. In addition, AA transporter expression in the jejunum was compared to that in the ileum. We demonstrate the varied effect of excess dietary Leu alone or with surplus Ile and Val on the expression of AA transporters in different tissues.
MATERIAL AND METHODS
The pigs used in this experiment were cared for in accordance with the guidelines established in Official Mexican Regulations on Animal Care (Norma Oficial Mexicana, 2001) . A 21-day growth trial was conducted with 24 crossbred pigs (Large White x Duroc) with initial body weights of 31.8 ± 1.2 kg, which were randomly assigned to 3 dietary treatments. There were 8 pig replicates (2 barrows and 6 gilts). The initial body weight was balanced across pens. Pigs were individually housed in raised floor metabolism pens (1.2 x 1.2 x 1.0 m) equipped with a nipple water drinker and iron mesh floor in a temperaturecontrolled room (22°-24°C). All pigs were trained to consume similar amounts of feed each day, which was achieved by restricting their intake to the amount consumed by the pig with the lowest feed intake, which was adjusted every week. All pigs were fed twice, at 7:00 and 19:00 h, during the entire trial.
Dietary treatments
A basal diet was formulated with wheat as the sole major ingredient, the most common ingredient used under practical conditions in northern México, and supplemented with crystalline AA (Table 1) . Dietary treatments were: 1) basal diet; 2) basal diet plus 0.43% L-Leu (excess Leu); 3) same as in 2 but added with 0.20% L-Ile and 0.25% L-Val [excess Leu, Ile and Val (LIV)]. The basal diet was formulated to contain 0.90% standardized ileal digestible Lys using the analyzed AA content (Table 2 ) and standardized ileal digestible coefficients in wheat (Stein et al., 2001) . Crystalline L-Lys, L-Thr, DL-Met, L-Trp, L-Leu, L-Ile, L-His, and L-Val were added to the basal diet to create essential AA:Lys ratios close to the ideal protein level for growing pigs (NRC, 2012) . The addition of L-Leu to diets 2 and 3 increased the Leu content by 52% compared to the basal diet. Additionally, diet 3 contained approximately 42% more Ile and Val compared to the basal diet. All diets were supplemented with a mineral-vitamin premix to meet or exceed their requirements for growing pigs (NRC, 2012) and contained 10.4 megajoules of net energy/kg.
Tissue collection
At the end of the experiment, all pigs were euthanized by electrical stunning and exsanguination for tissue collection 2.5 h after their last feeding at 7:00 h. The corpses were immediately eviscerated and mucosal samples scratched from the middle jejunum and ileum; approximately 0.5 g was collected into 2-mL microtubes. Samples from the liver and the longissimus dorsi (LD) muscle (approximately 0.5-1.0 g) were also collected. All samples were immediately frozen in liquid nitrogen and stored at -82°C until analysis. The total collection process took no longer than 8 min to maximize the quality of the extracted RNA. Table 2 . Analyzed composition of experimental diets (as-fed).
RNA extraction and purification
The samples of intestinal (jejunum and ileum) mucosa, liver, and LD were treated to extract total RNA using Trizol reagent (Invitrogen, Carlsbad, CA, USA) as reported by Méndez et al. (2011) . Purified RNA was then eluted with 30 mL RNase-free distilled water and stored at -82°C. The concentration of total RNA was determined spectrophotometrically at 260 nm (Helios b, Thermo Electron Co., Waltham, MA, USA), and RNA purity was assessed based on the A 260 /A 280 ratio, which ranged from 1.8-2.0 (Sambrook and Russell, 2001 ). The integrity of total RNA was evaluated by gel electrophoresis on 1% agarose gels. All RNA samples showed good quality, with a 28S:18S rRNA ratio of approximately 2.0:1 (Sambrook and Russell, 2001 ).
Reverse transcription
Approximately 2 mg total RNA was treated with 1 U/mL DNase I (Invitrogen) and 6 mL 5X reverse transcription buffer in a 30-mL reaction conducted in diethylpyrocarbonatetreated water; the reaction was carried out for 15 min at room temperature and then placed for 15 min at 70°C to stop the reaction. Reverse transcription was initiated with DNase-treated RNA samples, adding 1 mL 150 mg/mL random primers (Invitrogen) and 1 mL 10 mM dNTPs. The reaction was incubated at room temperature and then placed on ice for 1 min; 3 mL 0.1 M dithiothreitol, 1 mL 40 U/mL ribonuclease inhibitor (RNaseOUT, Invitrogen), and 2 mL 5X reverse transcription buffer were added to the reaction, which was incubated at 42°C for 2 min to stabilize the reaction before adding 1 mL 200 U/mL reverse transcriptase enzyme (RTSuperscript III, Invitrogen). The reaction was incubated at 42°C for 50 min. The mixture was incubated at 70°C for 15 min and then placed on ice to stop the reaction. cDNA samples were quantified spectrophotometrically and diluted into a final concentration of 50 ng/mL.
Quantitative polymerase chain reaction (qPCR)
Specific primers for each AA transporter mRNA were designed according to their published sequences in GenBank (Table 3) . Additionally, a housekeeping 18S rRNA gene was used as an endogenous control to normalize variations in mRNA because its expression is very stable (Liao et al., 2009) . Before conducting the reaction, end-point PCR was carried out to standardize the amplification conditions for each pair of primers. In order to confirm the specificity of the PCR products for its mRNA, a sample of each PCR product was purified using the PureLink PCR Purification kit (Invitrogen) and sequenced at the Davis Sequencing Facility (Davis, CA, USA). The sequencing results revealed that the products for b 0 , + AT, CAT1, B 0 AT1, and 18S rRNA showed 100% homology with their corresponding expected sequences acquired from the virtual template sequences reported in GenBank.
Expression of AA transporters in the jejunum, ileum, liver, and LD was estimated by qPCR assays, using the Maxima SYBR Green/ROX qPCR Master Mix (Fermentas, Vilnius, Lithuania) into a Chromo 4-DNA Engine with the MJ Opticon Monitor 3.1 software (Bio-Rad, Hercules, CA, USA). The equipment was calibrated by constructing a standard curve using the 18S rRNA cloned into a TOPO vector 4.0, from which a calibrator cDNA was produced. The standard curve was obtained using known concentrations of 100-fold serial dilutions of the cDNA. qPCR contained 50 ng cDNA, 0.5 mM of each specific primer, 12.5 mL 2X SYBR green/ ROX qPCR Master Mix, and DNase/RNase-free water for a final volume of 25 mL. 18S rRNA was used as housekeeping gene to standardized the amount of amplified DNA. The PCR conditions used for the amplification and quantification were an initial denaturation stage at 95°C for 1 min, followed by 45 cycles of amplification with denaturation at 95°C for 30 s, annealing at 56°C for 15 s, and extension at 72°C for 30 s, followed by a melting curve program (60° to 90°C). Fluorescence was measured at the end of every cycle and every 0.2°C during the melting program. 
Statistical analysis
Analyses of variance of the data were performed using the GLM of SAS (Statistical Analysis System 9.1, SAS Institute, Cary, NC, USA). Two contrasts (C) were constructed to test the effect of excess Leu alone or in combination with Ile plus Val in the basal diet: C 1 , basal vs excess Leu; C 2 , basal vs excess LIV. Probability levels of P ≤ 0.05 and 0.05 < P ≤ 0.10 were defined as significant differences and tendencies, respectively.
RESULTS
All pigs remained healthy during the experiment and consumed their daily rations within 30 min. Average daily feed intake per pig during weeks 1, 2, and 3 was 1.60, 1.65, and 1.76 kg, respectively; the average feed intake during the whole study was 1.70 kg/day. AT was lower in pigs fed excess Leu (P = 0.013) or excess LIV (P < 0.001) diets than in pigs fed the basal diet. In the ileum, there was no effect of excess Leu (P = 0.161) or excess LIV (P = 0.216) on b 0 , + AT expression. The expression of CAT1 in the jejunum was not affected by Leu or excess LIV (P > 0.10). In contrast, CAT1 expression in the ileum was higher in pigs fed the excess Leu diet (P = 0.017), but no difference was observed between pigs fed the basal and the excess LIV diet (P = 0.850). B 0 AT1 expression was not affected in the jejunum (P = 0.313) or ileum (P = 0.384) by adding excess Leu to the basal diet; however, excess LIV increased B 0 AT1 expression in the jejunum (P = 0.011) and B 0 AT1 expression tended to increase in the ileum (P = 0.100).
Expression
The AT was higher in the jejunum than in the ileum, regardless of whether pigs were fed the basal or the excess Leu or excess LIV diet (P ≤ 0.01). However, CAT1 expression was markedly higher (P < 0.01) in the ileum than in the jejunum, regardless of the diet. Expression of B 0 AT1 did not differ between the intestinal segments of pigs fed either the basal or the excess Leu diet (P > 0.10), but was higher (P = 0.032) in the jejunum of pigs fed the excess LIV diet. Overall, regardless the dietary treatment, the expression of b 0 , + AT was markedly higher in the jejunum than in the ileum, but CAT1 expression was higher (P < 0.01) in the ileum. 
DISCUSSION
The main objective of this study was to determine whether excess Leu alone or combined with surplus Ile plus Val affects the expression of 2 cationic (b 0 , + AT and CAT1) and 1 neutral (B 0 AT1) AA transporters in the small intestine, liver, and skeletal muscle of growing pigs. To minimize the effect of AA interactions, other than those related to BCAA, a basal diet was formulated containing wheat and crystalline AA to produce an AA pattern close to that in ideal protein for pigs (NRC, 2012) . The analyzed Ile:Lys, Leu:Lys, and Val:Lys ratios in the basal diet were 58, 98, and 73%, respectively. The excess Leu diet contained 52% more Leu than the basal diet, whereas the excess LIV diet contained a 42% excess of both Ile and Val. Because excess Leu in the diet has been shown to decrease feed intake (Gatnau et al., 1995; Langer et al., 2000; Wiltafsky et al., 2010) , all pigs used in this study were trained to have a similar feed intake to avoid any potential effect that differences in AA consumption other than BCAA have on the expression of AA transporters. On average, all pigs consumed 1.70 kg/day, which was similar to the estimated feed intake of 25-50 kg pigs (NRC, 2012) .
The transport system B 0 AT1 is the major transporter of BCAA in intestine and is confined to the apical membrane of the enterocyte , and it is nearly entirely Na + -dependent (Bröer, 2008) . According to Bröer (2008) , B 0 AT1 transports all neutral AA with different affinities, but Leu, Ile, and Val are equally and the most preferred among all neutral AA, indicating strong competition for absorption between BCAA. A higher content of one BCAA in the intestinal digesta is expected to stimulate its own absorption as compared with other, less concentrated BCAAs. Indeed, several reports (Edmonds and Baker, 1987; Gatnau et al., 1995; Langer et al., 2000) have shown that excess levels of Leu in the diet consistently reduced the SC of Ile and Val in pig. Zhang et al. (2013) reported that B 0 AT1 expression in the jejunum was not affected by feeding weanling pig diets with either deficient or adequate levels of BCAA; however, no studies have demonstrated the effect of excess BCAA on the expression of this transporter. This information is important because practical diets contain excess levels of all 3 BCAA. In the present study, expression of B 0 AT1 in the jejunum and ileum did not differ between pigs fed the excess Leu or the basal diet. These results suggest that higher available Leu content in the excess Leu diet favored Leu absorption, as compared to Ile and Val, which were less concentrated than Leu. This may partially explain the increased SC of Leu and decreased SC of Ile and Val in pigs fed excess Leu diets (Gatnau et al., 1995) . Thus, the low SC of Ile and Val reported in pigs fed excess Leu may be attributed not only to increased catabolism of BCAA caused by increased activities of branched-chain keto acid dehydrogenase enzymes (Langer et al., 2000; Wiltafsky et al., 2010) , but also to their reduced absorption because of direct competition with high Leu levels. In contrast, excess LIV increased the expression of B 0 AT1 by 2.7-and 1.5-fold in the jejunum and ileum, respectively, as compared to those fed the basal diet. This response suggests increased absorption of Ile and Val, which may eventually result in higher SC of these 2 AA, as reported previously (Wiltafsky et al., 2010; Cervantes-Ramírez et al., 2013) . Therefore, these results indicate that excess Leu by itself does not affect B 0 AT1 expression, but the combined excesses of all BCAA appear to stimulate its expression in the jejunum and ileum.
System B 0 AT1 is similarly expressed in all segments (duodenum, jejunum, and ileum) of the small intestine of mouse, mainly at the tip of the villi (Romeo et al., 2006) , but in humans B 0 AT1 expression increases from the duodenum to the ileum (Terada et al., 2005) . No studies have examined the expression pattern of B 0 AT1 in different segments of the small intestine of pigs. In the present study, as observed in mice (Romeo et al., 2006) , B 0 AT1 expression did not differ between the jejunum and ileum in pigs fed either the basal or the excess Leu diet. However, B 0 AT1 expression in pigs fed the excess LIV diet was 50% higher in the jejunum as compared to that in the ileum. This result suggests that dietary excess of all BCAA may change not only the expression of B 0 AT1 but also its site of expression. System b 0 , + AT is the major transporter for cationic AA in the apical membrane of the small intestine. It forms a hetero-dimer with the membrane protein rBAT (Palacin et al., 2001) ;
AT is the catalytic unit (Reig et al., 2002) . Transporter b 0 , + AT is mainly expressed in epithelial cells and functions as an antiporter exchanging Leu for Lys so that the absorption of Lys is coupled with the efflux of Leu (Pineda et a., 2004) . As reported previously Hatzoglou et al., 2004) AT expression in the ileum was not affected by excess Leu or LIV. According to Silk et al. (1985) most AA absorption takes place in the jejunum, and low amounts of free AA are expected to reach the ileum, suggesting a lowered requirement for AA transporters in the ileum. Indeed, the expression of b 0 , + AT in the ileum was less than 10% as compared to that in the jejunum. Hence, we speculate that dietary differences in BCAA contents prevailed in the jejunum but disappeared in the ileum, which may explain the lack of effect of excess Leu or LIV on b AT and CAT1) and neutral (B 0 AT1) amino acid transporters in small intestine, liver, and longissimus muscle of pigs fed a wheat-based diet with excess Leu or excess Leu, Ile, and Val (relative to expression values of pigs fed the basal diet).
Expression of CAT1 appears to be confined to the basolateral membrane (Cariappa et al., 2002) , but mostly takes place in non-epithelial cells (Hatzoglou et al., 2004) . We observed that CAT1 expression in the intestinal mucosa was markedly lower compared to b 0 , + AT. CAT1 is strongly trans-stimulated by the concentration of cationic AA on the other side of the membrane and conducts transport in exchange for other cationic AA . The lower CAT1 expression in the jejunum observed in the present study may be explained by the adaptive regula tion theory (Hatzoglou et al., 2004) , which implies that sufficient AA supply inhibits while deficient supply stimulates CAT1 expression. The abundant b 0 , + AT expression in jejunum may suggest high intra-enterocyte concentration (sufficient supply) of cationic AA, which in turn might inhibit CAT1 expression. In contrast, the low expression of b 0 , + AT in the ileum, indicating a low intra-enterocyte concentration (deficient supply) of cationic AA, may have stimulated ileal CAT1 expression. Thus, the efflux of cationic AA from the enterocyte through CAT1 appears to be related to influx of these AA via b 0 , + AT. The lack of an effect of BCAA on CAT1 expression in the jejunum confirms the results of a previous study (Morales et al., 2013) and indicates that CAT1 is not directly related to the neutral AA.
Absorbed AA from dietary protein are transported to the liver via the portal vein where hepatocytes convert them into proteins, urea, and other metabolites, and export them to other tissues (Kilberg, 1982) . Thus, transport of recently absorbed AA into hepatocytes is critical for adequate metabolism in the liver as well as in the entire animal. According to Rérat et al. (1992) , liver cells do not retain BCAA, but large amounts of cationic AA (Lys and Arg) are taken up and retained by hepatocytes. There have been no studies of the effect of excess dietary BCAA on the expression of cationic AA transporters in hepatocytes. In the present study, b 0 , + AT expression in the liver was not affected by excess Leu or excess LIV, but CAT1 expression levels in pigs fed the excess Leu or excess LIV diet were approximately 24 and 53%, respectively, of that in pigs fed the basal diet. There is no clear explanation for the reduced expression of CAT1, although it may result from differences in the serum concentration of cationic AA, potentially caused by differences in dietary levels of BCAA.
Muscle growth in animals depends on the proper metabolism of absorbed AA, which is closely related to their transport into or out of muscle cells through specific transporters. According to Drummond et al. (2010) , AA transporters play a key role in regulating muscle protein metabolism. Because Lys is the first limiting AA in practical diets for pigs and the most abundant AA in muscle proteins (Mahan and Shields Jr., 1998) , its transport across the muscle cell membrane is of particular interest. Variations in CAT1 expression in the skeletal muscle of pigs due to different dietary AA levels have been reported. García-Villalobos et al. (2012) found that adequate, as compared to deficient levels of Lys, Thr, and Met, increased the expression of CAT1 in LD. In contrast, we found that excess Leu or excess LIV did not affect CAT1 expression in the LD. This may be an expected response because CAT1 system specifically transports cationic AA and does not interact with BCAA for transport of either group of AA.
The results of the present study, in which feed intake did not differ, reveal that excess Leu alone or combined with surplus Ile and Val in wheat-based diets differentially affects the expression of AA transporters in the studied tissues. Moreover, expression of AA transporters differed between the jejunum and ileum. Finally, changes observed in the intestinal expression of AA transporters in the present study are expected to affect the availability of AA, which in turn would affect the expression in other tissues, such as that detected in liver.
